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Fatigue behaviors of two Cu samples with different volume fractions of gradient nanograined (GNG) surface
layer, prepared by surfacemechanical grinding treatment, are investigated under stress-controlled high-cycle fa-
tigue tests. With increasing the volume fraction of GNG layer from 4.3% to 13%, the fatigue endurance limit (at
107 cycles) of GNG Cu is enhanced from 88 to 98 MPa, much higher than that of coarse grained counterpart.
Large volume fraction of GNG layer effectively postpones the extension of abnormal grain coarsening from a
deeper subsurface layer to the topmost surface and thereby retards the initiation of surface fatigue crack.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Compared with conventional homogeneous coarse-, ultrafine- or
nano-grained (CG, UFG and NG) metals, gradient nanograined (GNG)
metals, with grain sizes spatially increasing from nanoscale in surface
to micron in core, exhibit high strength while maintaining considerable
tensile ductility, due to the suppression of strain localization [1–3].
Moreover, high-cycle fatigue properties (such as the fatigue endurance
limit at 107 cycles) of GNG metals under cyclic loading are enhanced as
well, compared to their CG counterparts, primarily due to the presence
of high-strength GNG layer, which retards the initiation of surface
cracks [4–9]. For instance, the fatigue endurance limit of GNG 316L
stainless steel is 320 MPa, remarkably higher than that of CG
(180 MPa) [7].

As a typical hierarchical nanostructure, fatigue properties and cyclic
deformation behaviors of GNG metals closely depend on their micro-
structure parameters such as volume fraction of GNG layer and grain
size distributions, etc. [10]. It was shown that with increasing the spher-
ical shot diameter of surface mechanical attrition treatment or decreas-
ing the sample diameter, the fatigue endurance limit of GNG 316L
stainless steel increases further, possibly because of a higher volume
fraction of martensite and deformation twins formed in GNG layer and
enhanced strength [4,7]. However, quantitative investigation of how
the volume fraction of GNG layer influences the fatigue properties and
cyclic deformation behaviors of GNG metals is still rather limited so
far. This scarcitymainly stems from the difficulty in controllably prepar-
ing metals with GNG surface layer.
ier Ltd. All rights reserved.
In this study, two pure Cu sampleswith different volume fractions of
GNG surface layer are prepared by means of surface mechanical grind-
ing treatment (SMGT) [11]. The cyclic deformation-inducedmicrostruc-
tural evolution in the GNG layer and the volume fraction of GNG layer
influencing the cyclic deformation behavior of GNG Cu are discussed.

Commercial-purity (99.98 wt%) Cu rods consisting of equiaxed
micrometre-sized grains with an average grain size of 21 μm are ma-
chined into dog-bone-shaped samples with a gauge length of 12 mm
and a gauge diameter of 6 mm. Both gauge sections and arc transitions
are processed by SMGT at cryogenic temperature (~173 K) with liquid
nitrogen [11]. During SMGT process, a hemispherical WC/Co tool tip
with a radius of 6mmpenetrating into the ground sample induces plas-
tic strain and structural refinement in its surface layer, but without ma-
terial removal from the sample surface. Increasing the processing passes
and penetration depth induce a larger accumulative plastic strain in a
much thicker surface layer of the treated sample, resulting in a larger
volume fraction of GNG layer. As designed, by adjusting 3 and 8 process-
ing passes, the total penetration depths of tips on two sets of sample
surface are about 120 and 320 μm, respectively.

The volume fraction of GNG layer (including NG and UFG layer) for
GNG Cu can be expressed as

Vol% ¼
d20− d0−2tð Þ2
h i

d20
� 100% ð1Þ

where d0 is the diameter of its gauge section (i.e. 6 mm), and t is the
thickness of GNG layer (65 and 200 μm for the 3 and 8 passes sample,
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Fig. 1. Typical longitudinal-sectional SEM images of GNG 4 (a) and GNG 13 (b). The dashed line represents the treated surface. TEM images of microstructures (c–f) at positions c–f
indicated in (a) and (b), respectively, and the insets in (c–f) are the selected area electron diffraction (SAED) patterns. Variation of average grain sizes along depth from the topmost
surface (g). The inset in (g) is the amplified image of the rectangle.
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see Fig. 1). The estimated volume fraction of GNG layer is about 4.3% and
13.0% for the 3 and 8 passes sample, which is hereafter referred to as
GNG 4 and 13 samples, respectively.

Uniaxial tensile tests of both GNG Cu samples are performed on an
Instron 5982 testing machine at a strain rate of 1 × 10−3 s−1. A clip-
on Instron extensometer is used to measure the tensile strain of the
samples upon loading. Stress-controlled symmetric tension-
compression fatigue tests of GNG Cu samples are performed on an
Instron 8874 testing machine at ambient temperature. A sinusoidal
wave with a frequency of 30 Hz is used. Specially, one set of GNG sam-
ples are cyclically deformed at stress amplitude (Δσ/2) of 140 MPa, but
interrupted at the planned cycles (N) of loading (i.e. N= 3.6 × 104, 8.7
× 104 cycles) before failure and then fully unloaded.

The longitudinal-sectional microstructures of GNG Cu in SMGT state
and after fatigue tests are characterized via FEI Nova NanoSEM430 field
emission gun scanning electron microscope (SEM) with backscattered
electron imaging. Detailedmicrostructures of GNG Cu are further inves-
tigated by FEI Tecnai F20 transmission electronmicroscope (TEM). Over
500 grains from numerous TEM images are measured to determine the
average grain size in different depths of GNG layer. Three-dimensional
surface features of GNG Cu fatigued to failure are investigated by Olym-
pus LEXT OLS4100 confocal laser scanning microscope (CLSM).

An as-prepared GNG 4 sample shows shining surface with a minor
surface roughness (Ra ≈ 0.26 μm) and without cracks. Longitudinal
SEM observations in Fig. 1a indicate a spatially gradient microstructure
along the radial direction of GNGCu rod sample, composed of aNG layer
(with a depth of 5 μm in top surface layer), an UFG layer (at depth from
5 to 65 μm), a deformed CG layer and an undeformed CG core. Closer
TEM images show that most NGs and UFGs are separated by curved
grain boundaries (GBs) (Fig. 1c and d), which are evidently in a high-
energy non-equilibrium state, analogous to those in nanostructured
metals prepared by severe plastic deformation [12,13]. These grains
are randomly oriented, as displayed by the selected-area electron dif-
fraction (SAED) patterns (insets in Figs.1c and 1d).

As shown in Fig. 1b, GNG 13 sample exhibits a comparably minor
surface roughness (0.32 μm) and similar gradient structure, but much
thicker NG and UFG layer (20 and 180 μm), compared with that of
GNG 4 (Fig. 1a). TEM observations show that UFGs and NGs of GNG 13
have identical morphologies to that of GNG 4 at the same depth, but
with a relatively smaller grain size (Fig. 1c–g).

Tensile engineering stress-strain curves in Fig. 2a show a high yield
strength (σy, at 0.2% offset) of 123 ± 4 MPa for GNG 4, twice that of
CG counterparts. With increasing volume fraction of GNG layer from
4.3% to 13%,σy of GNG 13 increases to 144±4MPa. The ultimate tensile
strength (σuts) and uniform strain (δu) of both GNG samples are almost
comparable to that of CG counterparts.

Stress-controlled fatigue results (S\\N curve) in Fig. 2b show that
the fatigue endurance limit (σ−1) for GNG 4 is 88 MPa, much higher
than that of CG Cu (56 MPa) and comparable with that of UFG Cu
(~90 MPa) [14–17]. With increasing the volume fraction of the GNG
layer from 4.3% to 13%, σ−1 increases to 98 MPa. Taking the sample fa-
tigued at Δσ/2 of 140 MPa as an example, fatigue lives for GNG 4 and
GNG 13 are approximately 7 and 15 times longer than that of CG coun-
terparts fatigued at the same condition. These results clearly demon-
strate that increasing the volume fraction of GNG surface layer on bulk
CG metals effectively improves both the high-cycle fatigue life and the
fatigue endurance limit under stress controlled fatigue tests.

To ascertain the influence of the volume fraction of the GNG surface
layer on HCF behavior, longitudinal-sectional microstructural evolu-
tions of both GNG Cu samples with increasing cycles at Δσ/2 =
140 MPa are systematically investigated by SEM. Fig. 3a shows that
after 3.6 × 104 cycles (corresponding to the fatigue-to-failure lifetime
of CG Cu at the same Δσ/2), abnormal coarsened grains are detected
in the subsurface layer (at a depth of ~30–40 μm) of GNG 4, before the
occurrence of fatigue failure.With further increasing cycles, grain coars-
ening extends to the CG core and GNG top surface simultaneously
(Fig. 3b), consistent with that in ref. [8]. At 1.8 × 105 cycles (fatigue-
to-failure life of GNG 4), obviously abnormally coarsened grains with
an average grain size of 7 μmappear here and there on the topmost sur-
face (Fig. 3c and d).

However, no obvious microstructural change is detected for GNG
13 at 3.6 × 104 cycles, as shown in Fig. 3e. At 8.7 × 104 cycles, very



Fig. 2. Tensile engineering stress-strain curves (a) and cyclic stress amplitude-fatigue life curves (b) of GNG 4 and GNG 13 samples; “→” in (b) denotes the samplewithout failure. Fatigue
data of GNG 13 in ref. [6] are also included.
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tiny abnormal coarsened grains with a mean grain size of 2 μm are just
observed at a depth of 50–70 μm(Fig. 3f). At 1.8 × 105 cycles (i.e. fatigue
lifetime of GNG 4), more and more grain coarsening occurs in a larger
region with a depth ranging from 110 to 20 μm (Fig. 3g), but does not
extend to the top surface layer. After 2.9 × 105 cycles when GNG 13 is
fatigued to failure, abnormal grain coarsening has reached the topmost
surface (Fig. 3h and i).

Randomly distributed extrusions/intrusions (Fig. 4a and b) are ob-
served on the surface of both GNGCu fatigued to failure. The average al-
titude differences between the adjacent extrusions and intrusions for
both GNG samples are comparable, approximately 0.54 μm (Fig. 4c
and d). The fatigue feature of GNG Cu is analogous to the typical
micron-scale extrusions/intrusions in fatigued CG metals [18–20], but
different from the macroscopic shear bands in fatigued UFG or NG
metals, which are mainly distributed at ~45° relative to the stress axis
[14,15,21]. We have to emphasize here that no surface fatigue features
are observed before 8.7 × 104 for GNG 4 and 1.8 × 105 cycles for GNG
13. In other words, surface extrusion/intrusions can be detected only
after abnormal grain coarsening reaches the topmost surface of fatigued
GNG Cu, demonstrating that they are only formed in abnormal coarse
grains at the topmost surface as a result of dislocation activities, just
like that observed in fatigued CG metals [18–20].

It is well accepted that the most fatigue damage or failures occur on
the surface of samples/component and then propagate into interior re-
gion [19,22]. Here in this study, abnormal grain coarsening occurs in the
Fig. 3. Typical longitudinal-sectional SEM images of GNG 4 (a–d) and GNG 13 (e–i) fatigued at
× 105 (c, g), and 2.9 × 105 cycles (h). (d) and (i) are the amplified images of the white square
subsurface UFG layer and then propagates to the top surface, suggesting
that CG metals coated with a gradient nanostructured skin can effec-
tively suppress the surface damage. It is mainly owing to the fact that
since the yield strength of the subsurface UFG layer with relatively
larger grain sizes ismuch lower than that of theNG layer, the cyclic plas-
tic strain mainly concentrates in the subsurface UFG layer while the NG
layer is still under elastic deformation, during small-amplitude cyclic
deformation. From the experimental observations in Fig. 3, it can be
found that when abnormal grain coarsening has reached the topmost
surface of GNG 4 after 1.8 × 105 cycles, however, its position in fatigued
GNG 13 is ~20 μm away from the topmost surface, which offers another
1.1 × 105 cycles for abnormal grains to reach the topmost surface. These
analysis demonstrates that a higher volume fraction of GNG layer can
effectively postpone the extension of abnormal grain coarsening to the
topmost surface.

Moreover, the onset of abnormal grain coarsening in the subsurface
layer of GNG 13 is also postponed by ~5 × 104 cycles, compared to GNG
4, possibly because the plastic strain sustained by GNG13 with a higher
volume fraction of high-strength GNG layer is smaller than that of GNG
4 at the same stress amplitude. It is reasonably understandable that ab-
normally coarsened grains can only be detected in the subsurface layer
of GNG13 after a longer number of cycles, that is with accumulation of a
larger plastic strain.

Comparison of microstructures of GNG 4 and GNG 13 before and
after fatigue tests (Figs. 1 and 3) shows that although the initial
Δσ/2 = 140 MPa with different numbers of cycles (N): 3.6 × 104 (a, e), 8.7 × 104 (b, f), 1.8
s in c and h, respectively.



Fig. 4. Typical CLSM images of GNG4 (a) and GNG13 (b) fatigued to failure at Δσ/2 = 140 MPa; Surface fluctuations (c) and (d) along the black line in (a) and (b), respectively.
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positions of abnormal grain coarsening for both GNG samples are differ-
ent, their original sizes are similar, being about 200–300 nm. Coinciden-
tally, this grain size is also the typical saturated value achieved by severe
plastic deformation processes, such as equal-channel angular pressing
[12]. The high energy state of UFGs with curved GBs and a high density
of dislocations should act as the thermodynamic driving force to trigger
the occurrence of abnormal grain coarsening in GNG Cu during cyclic
loading. However, the underlying instability mechanism of UFG struc-
ture with the grain size of 200–300 nm during cyclic deformation is
still worthy of in-depth study.

The high-cycle fatigue properties of metals with homogeneous mi-
crostructures under stress control are generally dominated by their
σuts, following Basquin equation [19],

Δσ
2

¼ σ 0
f 2N f
� �b ð2Þ

whereσf′ is the fatigue strength coefficient, which is close toσuts, and b is
the fatigue strength exponent. A higher σuts usually results in a higher
σ−1 and longer fatigue life at constant Δσ/2, as verified by fatigue data
of UFG and CG metals [14,23]. Here, σuts of both GNG Cu samples are
comparable to that of CG Cu, much smaller than that of UFG Cu. How-
ever, σ−1 of both GNG Cu samples are comparable to that of UFG, and
much higher than that of CG counterparts. Specifically, σ−1 of GNG 13
is 10MPa higher than that of GNG 4, although theirσuts are nearly same.

In summary, both the high-cycle fatigue life and the fatigue endur-
ance limit of GNG Cu can be enhanced by increasing the volume fraction
of GNG surface layer, owing to the postponed onset of abnormal grain
coarsening in a deeper subsurface layer and its longer propagation
period to the top surface. Our finding points out a simple route to de-
velop fatigue-resistant engineering structures through tailor-designing
gradient nanostructures.
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